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Slowing and cooling molecules and neutral atoms by time-varying electric-field gradients
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A method of slowing, accelerating, cooling, and bunching molecules and neutral atoms using time-varying
electric-field gradients is demonstrated with cesium atoms in a fountain. The effects are measured and found to
be in agreement with our calculations. Time-varying electric-field-gradient slowing and cooling is applicable to
atoms that have large dipole polarizabilities, including atoms that are not amenable to laser slowing and
cooling, to Rydberg atoms, and to molecules, especially polar molecules with large electric dipole moments.
The possible applications of this method include slowing and cooling thermal beams of atoms and molecules,
launching cold atoms from a trap into a fountain, and measuring atomic dipole polarizabilities.
[S1050-2947@9)01211-1

PACS numbs(s): 32.60:+i, 32.80.Pj, 33.80.Ps, 33.55.Be

[. INTRODUCTION large dipole polarizabilities and polar molecules with large
electric dipole moments. Many atoms and most molecules
Time-invariant electric-field gradients have long beenare not amenable to laser slowing and cooling, and presently
used to deflect beams of molecules and neutral atoms. Hoew alternative techniquefl] exist. Slow molecules have
ever, as we will show in this paper, tinarying electric-  application to molecular-beam spectroscopy the study of
field gradients can be used to accelerate, slow, cool, or buncghemical reaction3], low-energy collisions, surface scatter-
these same beams. We demonstrate slowing, cooling, ari@d [4,5], and trappingd6-13|.
bunching of cold cesium atoms in a fountain, measure these The paper is organized as follows. The interaction ener-
effects, and find good agreement with the calculation. Thaies of atoms and molecules in electric fields and the prin-
possible applications of the time-varying electric-field gradi-ciples of slowing, cooling, and bunching molecules and at-
ent technique include slowing and cooling thermal beams oPMs with time-varying electric-field gradients are discussed
molecules and atoms, launching cold atoms from a trap inté" detail in Sec. Il. Our experiment is described and its re-
a fountain, beam transport, and measuring atomic dipole pcsults are compared with the calculation in Sec. lll. And fi-
larizabilities. nally, in Sec. IV, we examine how the time-varying electric-
The principle behind time-varying electric-field gradient field-gradient method can be applied to the slowing of
slowing is that an electric-field gradient exerts a force on arthermal atoms and molecules, measurements of atomic di-
electric dipole(thus accelerating or deceleratingbut a spa-  Pole polarizabilities, atom optics, and launching atoms from
tially uniform electric field, even if it is time varying, exerts traps.
no force on an electric dipole. Thus, an atom with an induced
electric dipole moment or a molecule with a “permanent” 1. ATOMS AND MOLECULES IN ELECTRIC FIELDS
electric dipole momentwith negative interaction energy in
an electric fielgl will accelerate when it enters an electric
field and decelerate back to its original velocity when it Time-varying electric-field-gradient slowing utilizes the
leaves the electric field. If we add a uniform electric field shift in an atom’s potential energy as it travels through a time
region between the entrance and exit, as in a pair of paralleind spatially varying electric field. The effect of an electric
electric field plates(Fig. 1), we can delay turning on the field on an atom’s potential energy is described, to lowest
electric field until the atom or molecule is in this uniform order in the electric field, by the dipole polarizability of the
electric field. The atom or molecule will not have acceleratedatom, defined as the ratio of the induced electric dipole mo-
entering the electric-field plates but will decelerate when itment to the external electric fie[d4,15. Although the di-
leaves the electric field, thus slowing. Longitudinal cooling pole polarizability is a tensor, the nonscalar terms are usually
is achieved by applying a decreasing electric field, so that ismall, producing only negligible variations in the polarizabil-
a pulse of atoms or molecules, the fastest ones, arriving firstty of the different ground-state sublev¢ls4,15, and do not
experience the greatest slowiffgig. 2). affect the processes that we will be discussing. Thus, the
The time-varying electric-field-gradient technique can beinduced dipole moment is, to a good approximation, a scalar,
useful for slowing and cooling thermal beams of atoms withand the potential energ§ is given to lowest order in the
electric field by£= — aE?/2, whereE is the magnitude of
the electric field andx is the scalar dipole polarizability.

A. Neutral atoms in electric fields

*Electronic address: jamaddi@Ibl.gov Becausex is a scalar, the potential energy depends only on
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80309-0440. In a spatially varying electric field, the force iE
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FIG. 1. Schematic diagram of slowing with a time-varying  FIG. 2. Schematic diagram of longitudinal cooling with a time-
electric-field gradient. Molecules or neutral atoms enter the plategarying electric-field gradient. The relative velocity of the particles
with the electric field turned offa). When they are between the s indicated by the length of their arrows and the electric-field
plates, a voltage is applied producing a spatially uniform electricstrength by the density of field lines. A pulse of molecules or neu-
field (b). They exit the plates, traversing an electric-field gradienttra| atoms expands as it enters the plates with the fastest molecules
where they are slowe(t). This process may be repeated with ad- or atoms in the leats). The same procedure as in Fig. 1 is followed
ditional sets of electric-field plates. except that the electric field decreases over time. The fastest, exiting

. . . L . . first, lose more kinetic energfb) than slower ones that exit later
rection of increasing electric-field magnitudstrong field  \hen the field gradient is smalléc). Alternatively, if the field is

seeking. As with any conservative potential, the change inymed on before all of the atoms have entered the electric-field
an atom’s kinetic energy as it travels between two points inpjates, the slowest atoms are accelerated as they enter the plates.
space is path independent and equal to the change in potewith sufficient field strength, the relative velocities of the slow and

tial energy between those points. fast molecules can be interchanged and the pulse will rebunch.
For example, a Cs atom traveling from a regignof no
field to a regionE of 10’ V/m gains kinetic energyEyi,,  to a region of 18 V/m, CsF gains kinetic energyEy,,

by an amount AE,,=—A&=a(Ef—E?)/2=3.3x10 % by roughly the amount AE,=—A&f=d(E;—E)
J=24 mK, where we have used the value of=2.65x10"2%? J=19 K. A more accurate value, calculated
6.63<1072° J/(V/m)? (or 59.6<10 %* cm®) for the dipole  using the formulas from Von Meyerii9], is 16 K. This is
polarizability of Cs[16,17]. Since we will be interested in about 640 times larger than for Cs, as discussed earlier.
atomic beams from thermal sourcésee Sec. IV, we As in the atomic case, the final velocity of the CsF mol-
will use energy units of kelvin with the conversion ecule, after traversing the potential, i§=2(A Ewin)/M
7.243< 1072 K/J. The velocity of an atom after traversing +v2  wherev; andv; are the initial and final velocities,
the potential isvf=2(AEy,)/M+v{, wherev; andv; are  respectively, and/l is the mass. Fov, =0, the final velocity
the initial and final velocities, respectively, aM is the  for the example given above would be 45.7 m/s. Equiva-
mass. Forv;=0, the final velocity for the example given |ently, a 45.7-m/s CsF molecule traveling from a region of
above would be 1.70 m/s. 10" Vim electric field to a region of no field would be
slowed to rest.
B. Polar molecules in electric fields

In addition to a dipole polarizability, polar molecules C. Slowing molecules and atoms
have an intrinsic separation of charge that produces a dipole A practical apparatus for slowing should have the electric-
that can align with an external electric field to yield a largefield gradient perpendicular to the field. Otherwise, a beam
net electric dipole momeri8]. When the interaction of the of molecules or atoms traversing the electric-field gradient is
electric dipole moment,, of a linear polar molecule with an |ikely to strike one of the surfaces used to form the electric
external electric field is large compared to the molecular rofield. A simple apparatus that meets this requirement is a set
tational energy, rotation is suppressed in favor of librationof parallel electric field plate§Fig. 1) attached to a voltage
about the direction of the electric field. The potential energysource that can quickly be ramped from zero.
of the low-lying rotational levels then approachés- To operate a set of electric-field plates as a time-varying
—deE and is always negativgl9]. In a spatially varying electric-field-gradient slowing apparatus, we do the follow-
electric field, the resulting force i5=d.VE that, as for ing. A neutral atom in its ground state enters the region be-
ground state atoms, is in the direction of increasing electrictween the electric-field plates with no fielthe term atom
field magnitude(strong field seeking also applies to clusters and molecules in strong field seeking

As an example, consider cesium fluoride, whichstates. With the atom between the electric-field plates, the
has a very large dipole moment[20] of d. voltage is turned on producing a uniform electric field. The
=2.65x10 2 J/(V/m) [or 7.88 Debye, where 1 Debye potential energy of the atom is lowered by the electric field,
=3.36x 1030 J/(V/m)] and a small rotational constaiat1] but a spatially uniform, time-varying electric field does no
of B,=0.27 K (or 0.188 cm). In its lowest angular mo- work on a dipole, so there is no change in the kinetic energy
mentum stateJ=0), and traveling from a region of no field of the atom. As the atom exits the plates passing through an
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electric-field gradient to a zero-field region outside, it gains 40 —— __, |laser
potential energy and loses kinetic energy. To accelerate an l probe
atom, the field is turned on before the atom enters the - :
electric-field plates and is then turned off before the atom 30 I

exits. The latter arrangement can also be used to slow a laser |]:|] fe;lectric
weak-field-seeking molecule. —— probe — ¢ ield plates

The slowing process may be repeated by arranging a se-
ries of electric-field plates, each having a voltage applied
once the atom has entered the uniform electric-field region.
The energy change of the atom, traversing the sequence, is
then cumulative. If a sufficient number of electric-field plate
sections are assembled, it should be possible to slow a ther-
mal beam of atoms to near rest. N

This slowing process is analogous to but the reverse of the 0——
acceleration of charged particles in linear accelera@g$
and cyclic acceleratori23], where charged particles accel-
erate through a sequence of small voltage gradients. After £G. 3. Schematic of the apparatus used to test slowing and
each voltage gradient, the charged particles drift through @ooling. The vertical dimension, the collimator, and plate spacing,
time-varying, but spatially uniform voltage, in which the are to scale. The laser-probe beam below the electric-field plates is
voltage changes or reverses. This establishes a new voltagerallel to the plate gap and the probe above the plates is perpen-
gradient without requiring successively higher voltages.  dicular to it. Only four of the six trapping lasers are shown.

The same .slo.wing principle can also be applied using Packets of Cs atoms were launched at rates of 0.25 Hz to
large magnetic-field g_ra@ents on, a}toms or paramagnet|6_33 Hz from a vapor-capture magneto-optic trap constructed
molecules. However, it is more difficult to switch strong along the lines described in Ref@4,25. The laser beams
magnetic fields. that formed thex-y plane of the trap were oriented at 45

_ _ degrees to the vertical. This made it easier to perform mea-
D. Cooling and bunching surements on the atoms after they had been launched. The

A decrease in the longitudinal velocity spread of the beant'@P temperature, determined by observing the expansion of

can be achieved by applying an electric field that decreasd8€ Cs cloud, was about 3pK. The trap laser system,

in time to atoms that have been arranged according to thelNich was stable and reliable, used an external cavity-
velocity (Fig. 2). The first atoms exiting the plates are grating configuration with piezo-electric tunii@6] and a

slowed more than the atoms exiting at later times when thgpectra Diode Labs model 5410-C diode laser with an anti-

electric field, and hence the electric-field gradient, have de[eflecﬂon coating on the front facet. To launch the Cs atoms,

) . a pair of acousto-optic modulators blged shifted the up-
creased. A beam of atoms will be ordered by velocity WheqNgrd (downward po?nting laser beamémlzy 5 MHz to forrFr)1 a
a short pulse is allowed to spread.

o } _— __moving molassef25,27).
This is a form of cooling even though the initial and final  t,5"to\ver into which the atoms were launched extends 55

velocity distributions might not be Maxwell-Boltzmann. The ., apove the trapping region. At 20 cm above the trap, a
process conserves phase spdbe area enclosed in a plot of 1 3.cm aperture restricts the horizontal dimensions of the
the relative velocity of each particle versus its relative IOOSi'packet. At 27 cm above the trap, a pair of stainless-steel
tion) and is analogous to the debunching of a charged paf|ectric-field plates, each 2.2 cm tall by 1.7 cm wide,
ticle beam in an accelerator. The process can also be retraddles the center line. Each electric-field plate is supported
versed and used to bunch a beam so that more atoms arrivetf a rod extending through a high-voltage vacuum feed
a selected point at the same time. Bunching can reproduce @frough mounted on a bellows. The bellows allowed us to
even compress the original longitudinal spatial distributionvary the spacing between the plates. Large-gap spacings of 6
of a pulse of atoms—a useful technique for detecting weaknm and 8 mm were chosen to allow the maximum number
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signals. of atoms through the plates, and to minimize defocusing ef-
fects at the edges of the plates. See Sec. Il D for a discus-
. EXPERIMENTAL RESULTS sion of the defocusing effects.

Two high-voltage-pulsed power supplies, one positive
and one negative, were used to charge the electric-field

To test the principle of slowing and cooling with time- plates. The heart of each power supply is an automobile ig-
varying electric-field gradients, we slowed, cooled, andnition coil driven by a low current dc power supply that
bunched packets of Cs atoms initially traveling 2 m/s using a&harges a capacitor in series with the input of the ignition
single set of electric-field plates with fields of up to coil [28]. Discharging the capacitor supplies the input pulse
5x 10 V/m. The low initial velocity and large polarizabil- to the coil. For cooling and bunching experiments, a decay-
ity of Cs made it easy to observe and measure the slowingng voltage was produced by @RC circuit at the ignition
(0.20 m/s at 510° V/m), cooling, and bunching effects coil output. The components of thi®C circuit are the high-
with a single electric-field region. A schematic of the appa-voltage coaxial cabléabout 100 pF/mfrom the ignition coil
ratus is shown in Fig. 3. output to the high-voltage feed through, and a resistor to

A. Experimental arrangement
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FIG. 5. Comparison of measured and calculated energy loss of
7N Cs atoms traversing a time-varying electric-field gradient. The mea-
o V/m >
; . 1 surements were made with 6-m(shown as open squajeand
180 190 200 210 8-mm (filled circles plate spacings. The statistical uncertainties are
arrival time (ms) within the size of each point. The expected energy loss, calculated
from Eq.(2), is shown as a line. The systematic uncertainties are 2
FIG. 4. Slowing of Cs atoms by time-varying electric-field gra- percent for the Cs dipole polarizability and about 10 percent for our
dients. The time of arrival at the upper probe is plotted for differentelectric field. The observed differences between the measured and
electric fields used for the slowing. The horizontal scale is the tim%xpected energy loss are within these uncertainties.
elapsed from when the magnetic field coils turn off for the launch.
The vertical scale is the electric field and superimposed on each
field setting is the inverted absorption signal at the upper probe.

For a quantitative measurement of the slowing, we calcu-
lated the loss in kinetic energy, based on the increase in
transit time, and plotted this quantity as a function of the

ground. For slowing measurements, a high resistance wagyuare of the electric field. This is shown in Fig. 5. Two plate

chosen to make the time constant long compared to the tra’pacings, 6 mm and 8 mm, were used. We compare these
sit time of the atoms through the electric-field plates. data points with the expected energy loss, calculated from

For Cs-atom time-of-flight velocity measurements, weaE?/2 for a=6.63<10"° J/(V/Im)?> [16]. The effect is
formed probe-laser beams using a small fraction of the lightlearly quadratic in the electric field and is close to the pre-
from the trapping laser. One probe beam passed 0.5 cm bédicted size. The systematic error is consistent with the large
low the electric-field plates and a second probe beam, petncertainty in our measurement of the electric field.
pendicular to the electric field, passed 14 cm above the first.

The probe-beam intensities were measured with photodiodes.

The signal for the atoms passing through a probe beam was C. Cooling and compression

the a_ttenuation of the probe beam due to scattering by the To cool and bunch the Cs atoms we matched the decay
passing atoms. time of the electric field with the transit time of the atoms
The launched atoms arrived at the electric-field plates in @&rough the electric-field gradient. In addition, we used the
packet 1.5 cm long—longer than the uniform region of thefull vertical size of the packet that at the plates was 1.5 cm
electric-field plates. It was easier to understand the results afnd, without cooling or bunching, was 2.5 cm at the upper
slowing measurements if the packet of Cs atoms fit entirelyprobe. With this short decay time, we were able to utilize
within the uniform region. The packet was trimmed using thetwo methods to cool and bunch the packets. In the first, the
lower probe beam that deflected the atoms sufficiently so thaglectric field was turned on once the whole packet had en-
they were not detected by the second probe. To accept onfgred the uniform region. Here, the faster atoms exiting first
the center of the packet, the laser was shifted out of resovere slowed more than the slower atoms, reducing the ve-
nance for a few milliseconds. We were thus able to reducocity spread. In the second method, we turned on the elec-
the vertical size of the packet at the lower probe from 1.5 cnific field once the faster atoms in the leading edge of the
to about 0.3 cm. The arrival time of the atoms at the uppepacket had entered the uniform region of the field, but while

probe was measured relative to the launch time. The stabilitf ¢ Slower atoms were still in the electric-field gradient. The
of the launch was checked by periodically measuring th lower atoms were accelerated into the plates while the fast-
arrival time at the lower probe est atoms, already in the uniform-field region, were unaf-

fected. On exiting the plates, the field had decayed suffi-
ciently so as not to affect the distribution. However, with
plates of the proper length, additional cooling could be
The time of arrival of the packet at the upper probe, as achieved on exit using the first method. Bunching occurs as
function of the applied electric field, is shown in Fig. 4. The the packet evolves if during the process tietially) slow
electric field was turned on after the Cs atoms entered thatoms are accelerated to a velocity greater than that of the
uniform-field region of the plates, and was kept nearly confast atoms.
stant as the atoms exited the plates. Increasing the electric As an example, Fig. 6 shows the arrival time of the Cs
field delayed the arrival of the Cs atoms at the upper probeatoms at the upper probe as a function of the electric field.
The width of the packet increased because the packet hathe electric field is turned on when roughly half of the
more time to spread. packet reaches the uniform-field region. The rest of the

B. Slowing



3886 JASON A. MADDI, TIMOTHY P. DINNEEN, AND HARVEY GOULD PRA 60

packet is still in the electric-field gradient. The electric field
decays with aRC time constant of 5 ms, and the packet
velocity at this point is roughly 2 m/s. The effects of cooling
and then compression in Fig. 6 are striking. The transit time
(d of the atoms through the upper probe is reduced from about
3.5x 108 v/m 16 ms[full width at half maximum(FWHM)] at zero field,
to 3 ms at 3.% 10° V/m. With a packet velocity of 1.2 m/s
at the upper probe, the transit time corresponds to a packet
length of about 3.6 mm, reduced from the original 1.5 cm at
the electric-field plate$2.5 cm at the upper prohe
(©) To compare the experimental results with the calculation,
we modeled the time evolution of the longitudinal phase
space of the Cs atoms for the experimental conditions in Fig.
6. The results are shown in Fig. 7. The electric field along the
center line between the plates used to determine the potential
(b} 1.5x 108 V/m energy of the Cs atoms at each point was calculated by a
two-dimensional finite-element analysis program. The result-
. : ing potential energy is shown, superimposed on phase-space
(a) 0 V/m diagrams in Fig. ).

In Fig. 8 we compare the observed Cs beam profile with
the calculation in Fig. 7. The calculation, which is done in
one dimension, assumes that the initial spatial distribution of
atoms is Gaussian. The calculated spatial distribution has

FIG. 6. Cooling and bunching of Cs atoms by time-varying been converted into time, translated by about 5 ms, and
electric-field gradients. The signal from the upper probe is shown ascaled to align it to the data. There is good agreement be-
a function of the initial applied electric field, which has a decaytween experiment and calculation, except for a small differ-
time of 5 ms. The narrowing of the base(l—(d) is due to cooling  ence between the width of the calculated and observed peaks
of the atoms. The narrow peak, especiallydhand(d) is due tothe  (possibly due to the simple assumptions used in the calcula-
bunching of the atoms.
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FIG. 7. Longitudinal phase space of the Cs atoms cooled and bunched in a time-varying electric-field gradient. The initial longitudinal
phase space at launch, showrah is approximated by an ellipse with a 3-mm spatial spread and a 0.15-m/s velocity spread. At 100 ms after
launch,(b), the packet has spread to 1 cm and the velocity has decreased due to gravity. The electric field, which has a decay constant of 5
ms, is turned on at 103 ms as the slower atoms reach the electric-field gradient at the entrance of the plates. The dash@i iutive in
potential energy of the atoms due to the electric field. From 103—106 ms the slow atoms are accelerated while the faster atoms within the
uniform field are unaffected. By 108 ms, the packet is past the electric-field gradient at the plate entrance and the electric field has decayed,
so there is little force on the atoms as they exit the plategb)inthe kink in the packetmarked A is now at the same velocity as that of
the right-most portiolmarked G. The velocity spread of the packet has been nearly halved. As the packet time ewlve® spatial
separation between A and B does not change. In addition, the lowest velocity gomiadked B is retarded and, at 180 ms, lies at the same
spatial coordinate as A. When this occurs, we get a large peak in the absorption signal because the portion between A and B arrives at the
probe, as a bunch, only a few millimeters wiglestead of the 2.5 cm for the uncompressed pacRéte resulting calculated density profile
of the packet is shown ifd). The dashed curves i) and(d) are the phase space and density profile, respectively, if no cooling has been
utilized. The densities iiid) incorporate an initial assumed Gaussian phase-space distribution.
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FIG. 8. Comparison of observed and predicted probe signals onV'th the lines _Of constant energy potenfidl= _(1/2_)0‘E2] for_ Cs
the cooling and bunching of Cs atoms. The broad curves are fofom an ap_phed voltage of 40 k\_/' For comparison the interval
zero electric field and the peaks are for an initial electric field ofcorresponding to the force ,Of gravity labeled g, is shownbm.ln .
3.5x10P V/m that decays with a 5-ms time constant. the parallel plate (_:onflguratlc(ra) used for the measurements in this
paper, the potential contours curve and atoms not on the midplane

cquire transverse velocities as they exit(Bj the field plates are
played 15° from vertical producing a potential minimum just
above the bottom of the plates. @) the voltage would be applied
once the atom packet, traveling from below, has passed beyond the
potential minimum. The contours further up are much flatter than in
D. Defocusing (a), and the defocusing is considerably less. The resulting transverse
i&locity for an initial longitudinal velocity of 2 m/s is shown (o).

distance (cm)

tion). We conclude that one can make reliable calculations og
the effects of time-varying electric-field gradients on the
phase-space evolution of atoms.

So far we have only discussed electric-field configuration
in one dimension. For atoms on the midplane between tw
parallel plates there are no additional forces. However, for

atoms in the fringe field of the plates and not on the mid- ' I
. much stronger fields can be maintained by heated glass cath-
plane, there is a force toward the nearest plate. The magni-

tude of this force, which transversely defocuses the packe des[29]. Glass cathode systems have been used to produce

depends on the shape of the edges of the electric-field plateé.rge Stark effects in beams of L_S:]_and Tl atomg31]. A
) Sét of 75-cm-long all-glass electric-field plates have operated
In general, any convexconcave surface on a field plate

- g :
produces a local increase in the electric-field gradient tof”lt 4.5<10° V/m [31]. Short electric f".ald plates with a
heated glass cathode at ground potential and a metal anode

wards(away from) the surface. It should be stressed that th : - 2 ;
change in kinetic energy of the atoms is determined by the%'sg]e sustained electric fields ofx&0" Vim and higher

conservation of energy. All atoms will have their kinetic en-
ergy reduced by the same amount after exiting the electric
field, even though some may have slightly changed direction.
The defocusing effects can be minimized by using an Atoms that are of interest for slowing and cooling by
electric-field plate gap that is large compared to the width ofime-varying electric-field gradients are those with large di-
the beam of atoms. However, increasing the gap increasdg®le polarizabilities that cannot be laser slowed and cooled.
the voltage needed to produce the same electric field anfihe dipole polarizabilities are largest in alkali metals and
reduces the maximum electric field that can be sustained. F@lkali earths. However, actinides, lanthanides, and transition
simplicity in this experiment, we chose a small gap-to-beamelements near an alkali also have polarizabilifig| above
width ratio and tolerate some defocusing. However, there aréx 103 J{(V/m)?, compared to 6.6810° 39 J/(V/m)? for
more elaborate field configurations for which our calcula-Cs, which has the highest known ground-state polarizability.
tions show very small defocusing effects. In Fig. 9, we com- As an example, we consider slowing a thermal beam of
pare one such set of electric-field plates with field plateieutral americiumatomic number 9bto near rest. With a
having a simple parallel-plate geometry. For an atom slightlypolarizability [17] of 2.59x10 % J(V/m)?,  each
off the midplane, the transverse force is reduced by about 58X 10" V/m slowing section will reduce the kinetic energy
factor of 6 compared to the simple plate geometry. We willby 0.23 K. It is impractical to slow atoms from the peak of
discuss details of focusing and defocusing in a future papethe velocity distribution at the 1500 K needed to form a
beam of Am. However, if one is willing to sacrifice intensity,

he dashed line corresponds to the simple parallel platés iand
e solid line corresponds to the splayed platetjn

2. Slowing ground-state atoms

IV. APPLICATIONS the slower atoms from the low-velocity tail of the thermal
velocity distribution are available. The low-velocity atoms
A. Slowing thermal beams of atoms and molecules from thermal distributions are often used to load magneto-

optic traps, either from a vapor inside the chamf&f] (as

we have dongor from an atomic beam32,33. Recently,
While electric fields of 10 V/m or higher can be main- Ghaffari et al. [33] developed an atomic low-pass velocity

tained by ordinary metal electrodes with a small gap spacindijlter that passes slow atoms and blocks fast atoms.

1. Electric fields
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For the Am velocity distribution tail at 1 K8.4 m/9, only  field mixes different values of having the same compo-
about five time-varying electric-field-gradient slowing sec-nent of angular momentum. Thus, only the sublevels with
tions would be needed to bring the atoms to near rest. Thiarge values ofm will have unquenched lifetimes, since the
maximum energy spread that can be accepted by a singlewer m states mix with lowl states that have much shorter
section is about equal to the energy decrease in one sectidifetimes.
which for Am is about 0.23 K. Based upon a Maxwell-  The critical electric field for ionizing a Rydberg atom is
Boltzmann velocity distribution inside a 1500-K effusive given classically a€.,=1/(1n*), whereE,, is in atomic
oven with a thin orific34], roughly 10 7 of the atoms in a  units (of 5.14x 10'* V/m [42]). High m states are more cir-
beam will be in the energy range from 0.89 K to 1.1 K. cular and thus require a higher field to ionize. The Stark
(About 4x 10 7 of the atoms in a beam will be within the effect also modifies the critical fiel®9] and for blue shifted
energy range 3.60 K to 3.83 K. levels the critical field may be closer to 1/(13.

The final velocity and the minimum length of the electric- The change in energy levels with the electric field
field plates will determine the repetition rate for slowing has been calculated by Bethe and Salpg#3]. For a
packets of atoms. At the last field plate section where théwydrogenic case they find in atomic unité a.u=1.0973
distance between pulses will be at a minimum, one pulse 0k 10’ m™'), W= —0.5n?+1.5En(n;—n,)—E?n*[17n?
atoms must exit before the next pulse enters. The total num-3(n;—n,)?—9m?+ 19]/16, wheren; andn, are parabolic
ber of atoms that reach the end of the apparatus thus depengisantum numbers that satisfy the equatioan;+n,—+|m|
on the final velocity, the length of the apparatus, the initial+ 1. SettingE equal to 1/(18%), we find that fom= 30 and
velocity, and on any focusing available. | =20 the energy change at the maximum field that does not

A method for focusing strong-field-seeking atoms andionize the atom is about 5.6 K or 7.6 K, depending on
molecules using alternating electric-field gradief85] has  whether the red or blue shifted level is chosen. For the cir-
been applied to molecular bearf36]. The range of beam cular state|m/=n—1 andn,=n,=0, the electric field can-
energies that can be accepted can also be increased by usimgt mix states from the sameor lower n, and the shift is
a design that cools over several electric-field sections beforgiuch smaller. Fon=30 andl =29, the maximum energy
slowing. We will discuss some of these details in a futurechange before ionization is about 0.66 K.
paper.

For clusterd 15,37, the polarizability per atom of small 4. Slowing polar molecules
homonuclear alkali clusters is close to the atomic polarizabil-
ity, and decreases to a value of about 0.4 times the polarizs;
ability per atom for bulk samplds38]. It should be possible
to slow and cool clusters in the same way as atoms.

We also note that the metastable states of noble gas
have dipole polarizabilitie§14] that are of the order of
10X 1072° J/V/m)2. This would allow noble-gas atoms in

Time-varying electric-field-gradient slowing and cooling

polar molecules with large electric dipole moments can be
very efficient. As examples, we consider two linear diatomic
molecules with large dipole moments: cesium fluoride,
&hich has a small rotational constant, and lithium hydride,
which has a very large rotational constant.

As discussed in Sec. Il, a rigid rotor model calculation

g c hev do. h liLeL9:| of CsF in its lowest rotational stateJ€£ m=0) shows
same way as ground-sta(€s atoms. They do, however, w1 csF would lose about 16 K of energy exiting each

have large tensor polarizabilities, which may permit effective, 47 y/n electric-field section. The next few higher rotational

slowing and cooling of only a single angular momentumq,q|s [Fig. 10a)] would also experience large changes in
state. kinetic energy and could be efficiently slowed and cooled.
With a 5x10’-V/m electric field, the change in kinetic en-
ergy[see Fig. 108)] for the lowest rotational level would be
The properties of Rydberg atorfi39], atoms in states of about 89 K, or equivalently a molecule traveling 98 m/s
very high principle quantum number, are similar for all  could be brought to rest. Longitudinal cooling of about 89 K
elements and include very large dipole polarizabilifi#d]  could also be achieved in a single time-varying electric-field-
that can be either positive or negative. This makes Rydbergradient section.
states worth considering for slowing atoms. Slowing of Ryd- In a thermal beam of CsF formdd4] at 850 K, about
berg atoms in inhomogeneous electric fields was proposedne-half percent of the molecules have a kinetic energy of 89
by Breeden and Metcal#0], who analyzed the case of time- K or less. A disadvantage of using a thermal beam of mol-
independent inhomogeneous electric fields, and atoms igcules with a small rotational constant is that only a very
short-lived Rydberg levels. small fraction of the molecules are found in any single rota-
To slow Rydberg atoms using time-varying electric-field tional state. Only about one in 15000 CsF molecules are
gradients, a number of conditions must be met. The lifetimegound in theJ=m=0 state in a thermal molecular beam at
of the states must be long enough to pass through the appghis temperaturg44.
ratus and the electric field must neither quench the state nor An alternative approach is to form a supersonic b§45h
ionize the atom, but should still be large enough to produc®f CsF. The supersonic beam has a much lower internal
significant slowing. The lifetime of a state in a quasihydro-temperature, which greatly increases the population of low
genic Rydberg atom with principle quantum numipeand  rotational levels, and it is a very directional beam with a
angular momenturhhas been calculated by Chajl] who  narrow velocity distribution. However, the beam velocity of
finds for high angular momentum=93n3(1 + 0.5)%, where  a supersonic source is higher than the most probable velocity
7 is the lifetime in ps. Fon= 230, the lifetimes are about 2.2 from an effusive source of the same temperature and has no
ms forl =29 and about 1.1 ms fdre=20. An external electric  low velocity tail. Slowing a supersonic CsF beam would re-

3. Slowing Rydberg atoms
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LiH, depending on the electric field that can be sustained in
the trap geometry.

TheJ=1, m=0 andJ=2, m=0 rotational levels of CsF
have negative interaction energies at strong electric fields,
but positive interaction energies at weaker fidlgg. 10a)].
Thus, CsF in these states could be efficiently slowed using
strong electric-field gradients, then focused and trapped in a
weaker electric field. The change in kinetic energy exiting a
5% 10’-V/m electric field would be 82 K74 K) for the J
=1, m=0 (J=2, m=0) state, while in an electric field of
2.5x10° VIm (4x10° V/m) the J=1, m=0 (J=2, m

2\’ : =0) state would be weak-field seeking with an interaction
-10 Z energy of 0.5 K(1 K). Alternatively, CsF could be slowed in
0 2 4 6 8 10 12 14 theJ=1, m=1 state and then in a weak electric field trans-
ferred to thelJ=1, m=0 state by an rf transitiof44].

energy (K)

electric field (10° V/m)

B. Application to cold atoms

80 (2.0)
i<(2’i1) 1. Measurement of the ground-state dipole polarizability
60 of atoms
4
< 404 @2 Figure 5 demonstrates the sensitivity of time-varying
g J=1 electric-field-gradient slowing to the static dipole polarizabil-
g 20- (1.0) ity. Each data point in this figure represents less than 300
@ J_0 seconds of counting. Key quantities in a time-varying
04 (1.x1) electric-field-gradient measurement of dipole polarizabilities
204 () . are the electric—fi_eld strength, the beam velocities, and the
%9 electric-field profile at the plate exit and/or entrance. The

field profile is needed to determine the drift lengths before
and after slowing for a time-of-flight velocity measurement.
electric field (107 V/m) We expect that with a moderate effort, polarizability mea-
surements on alkali, alkaline earth, and other slow, cold at-

FIG. 10. Energy levels of the low rotation levels of GgFand oo he made to an accuracy of a few parts per thousand

LiH (b) in electric fields. The calculation is based on the equation

in von Meyenn[19] who uses a rigid rotor model. The energy is in ’ . . S . 5
units of kelvins (1 K=0.69 cm). Note the different scales for Although dipole polarizability is related to many impor

o tant physical and chemical propertigk?], the ground-state

the electric field ina) and (b). dipole polarizability has been measured in fewer than 20
quire approximately twenty electric-field sections—still very percent of the known elemeni&7]. And of these, only for
doable. the noble gases and sodiuM8] has an accuracy of one

Lithium hydride and other metal hydrides have both verypercent been surpassg¥]. The traditional method for mea-
large rotational constants and large dipole moments. Foguring the static dipole polarizabilities of condensible atoms
LiH, Be=11 K (7.5 cm?) andd,=2.0x10"2° J/(V/m) is the elegant electric-magnetic-field-gradient balance tech-
(5.9 Debye [21,20. Even at 5<107 V/m, the electric field  nique E-H balance [14,49, which uses thermal beams of
does not completely suppress rotatidtig. 10b)], and for ~atoms. Slow, cold atoms would also allow a significantly
them=0, J#0 states, the interaction energy is both largeimproved accuracy foE-H balance and other deflection-
and positive. As shown in Fig. 10), a LiH molecule in based methods. However, we anticipate that time-varying
the J=1, m=0 state entering an electric field of electric-field-gradient slowingor accelerationwill be easier
3.5x10° V/m would lose about 7 K of energy. And since to perform and poses fewer challenges to understanding the
the rotation constant is large, a significant fraction of thedistributions of electric field and atoms.
molecules in a thermal beam are in low rotation states. Ap-

proximately 2< 10~° of the LiH molecules in a beam from a 2. Beam transport

1200-K effusive oven will have an energy @ K or less. Inhomogeneous magnetic fields are used for transverse
Those in theJ=1, m=0 state could be slowed to rest with focusing of laser-cooled atom pack€ts0], and Cornell,
a single electric-field section. Monroe, and Wiemaf51] have used time-varying inhomo-

Lithium hydride in the low-lyingm=0, J+#0 states and geneous magnetic fields to radially and axially focus atoms
other molecular states that have positive interaction energigseing transferred between traps. Time-varying electric-field
are weak-field seeking and can be transversely focused lyradients are a useful compliment to these atom-optic ele-
static multipole electric field§46]. (For focusing strong- ments because they are insensitive to the magnetic or hyper-
field-seeking states see Ref85,36.) It may also be pos- fine substates, and when edge effects are small or absent,
sible to trap weak-field-seeking states in electric field trapghey control only in the longitudinal direction.

[7-10,19 or a laser trapp11]. An electric-field trap could, in One possible application of the time-varying electric-field
principle, be up to 7.5-K deep for the=1, m=0 state of gradient to beam transport is to longitudinally spread atoms
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in a cold Cs atom atomic clock, to reduce collisional fre-One possible arrangement of electric-field plates is to invert
quency shifts[52]. In such a clock, the atoms would be the plate configuration shown in Fig(i.
spread before they passed through the first rf regosrthe Note added in proofRecently, Bethlem, Berden, and
first passage through the single rf region in a fountain dlock Meijer [Phys. rev. Lett83, 1588(1999] have reported using
and, if necessary, to sharpen the detection signal rebunched 63-stage time-varying electric-field-gradient apparatus to
after they passed through the second rf regiafter their  slow metastable CO molecules from 225 to 98 m/s. Also
return through the rf region in a fountain clockhe mag- Gupta and Herschbach (http://itamp.harvard.edu/
netic fields associated with turning on and off the electrictrappingabstracts.html#anchor6196&ve reported slowing
field can be made small so as not to influence the magnetikr and Xe using a supersonic molecular beam source nozzle
shielding environment of the clock. mounted on the periphery of a rotor spinning fast enough to
offset the flow velocity from the source.
3. Launching atoms

If a set of electric-field plates is turned on near a cloud of
cold confined atoms in the ground state, the atoms will ac-
celerate into the plates. Turning off the field when the atoms We are grateful to Douglas McColm for many stimulating
are in the uniform-field region then allows the atoms to exitand fruitful discussions and for his help in clarifying several
the plates with a net velocity. Cesium atoms entering arkey concepts. We thank Timothy Page, Andrew Ulmer,
electric field of 4x10° V/m will accelerate from rest to 6.8 Christopher Norris, Karen Street, and Otto Bischof for assis-
m/s. tance in constructing the apparatus, and thank C.C. Lo for

The electric-field plates can be positioned to launch atomsleveloping a very functional and cost-effective time-varying
in any direction. To launch horizontally, a vertical gap will high-voltage power supply. One of ¥3.M.) thanks the En-
provide a fringe field at the bottom that can help keep thevironment, Health, and Safety Division at LBNL, and espe-
atoms from falling out of the plates. To launch vertically, thecially Rick Donahue and Roberto Morelli, for help with
electric-field gradient at the initial location of the atoms computing resources, and one of(tsG.) thanks Alan Ram-
needs to be large enough to overcome gravity. In microgravsey for timely inspiration. This work was supported by the
ity, the initial acceleration needs only to be large enough thaOffice of Science, Office of Basic Energy Sciences, of the
the cloud of atoms does not expand beyond the dimensiond.S. Department of Energy under Contract No. DE-ACO03-
of the electric-field plate gafio prevent the loss of atorndt 76SF00098. One of ugl.M.,) is partially supported by the
would also be easy to vary the launch velocity and directionNational Science Foundation.
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